Oligodendrocytes are vulnerable to overactivation of both their AMPA receptors and their high-and low-affinity kainate receptors. Depending on the intensity of the insult and the type of receptor activated, excitotoxic oligodendrocyte death mediated by these receptors has different characteristics. One important consequence at a cellular level is the ensuing oxidative stress, related to Ca 21 -dependent alterations in mitochondrial functioning. We observed that oxidative stress associated with selective AMPA receptor activation is much higher than that associated with the selective activation of high-and low-affinity kainate receptors. Moreover, excitotoxic insults generate more intense oxidative stress in oligodendrocytes than in cortical neurons, though similar alterations in [Ca 21 ] i and mitochondrial potential were observed in both cell types. Nanomolar concentrations of mangiferin and morin, two natural polyphenols with antioxidant properties, partially protect oligodendrocytes as well as cortical neurons from mild, but not intense, insults mediated by AMPA receptors. In addition to presenting oxygen radical scavenging activity, mangiferin and morin attenuate the intracellular Ca 21 overload subsequent to the activation of AMPA receptors, a mechanism that may contribute to their protective properties. The inclusion of these antioxidant agents in therapeutic strategies for the treatment of diseases in which oligodendrocyte as well as neuron loss occurs may prove to be beneficial.
INTRODUCTION
Oligodendrocytes are sensitive to excitotoxic insults mediated by overactivation of their AMPA/kainate ionotropic glutamate receptors (Yoshioka et al., 1996; Matute et al., 1997; McDonald et al., 1998; S anchez-G omez and Matute, 1999) . Excitotoxicity in oligodendrocytes, as well as in neurons, is completely dependent on Ca 21 entry through the ionotropic glutamate receptor (Choi, 1995; Alberdi et al., 2002; Krieger and Duchen, 2002) . Overactivation of AMPA and kainate receptors in neurons and oligodendrocytes causes abrupt rises in the concentration of cytoplasmic Ca 21 in both cell types (Alberdi et al., 2002; Krieger and Duchen, 2002) .
One important intracellular target for Ca

21
-mediated toxicity is the mitochondrion, which can take up high loads of this cation in an electric potential-dependent fashion (Duchen, 2000; Hajn oczky et al., 2003) . Isolated mitochondria exposed to high Ca 21 concentrations, like the ones present in extracellular medium (2 mM), generate reactive oxygen species, an effect that is dependent on their uptake of this ion (Ermark and Davies, 2001; Sousa et al., 2003) . A similar process occurs in whole cells, both in neurons and in oligodendrocytes, after Ca 21 uptake into mitochondria as a consequence of excitotoxic insults (Carriedo et al., 2000; S anchez-G omez et al., 2003) .
Exposure of oligodendrocytes to AMPA and kainate causes dose-dependent toxicity (S anchez-G omez and Matute, 1999) and caspase-dependent and -independent cell death (S anchez-G omez et al., 2003) . Thus, maximal activation of high-and low-affinity kainate receptors, as well as submaximal activation of AMPA receptors, induce moderate oligodendrocyte death, which can be prevented by caspase-3 inhibitors. In contrast, maximal activation of AMPA receptors causes severe oligodendroglial death that is caspase-independent. In all instances, excitotoxic insults alter Ca 21 homeostasis and mitochondrial function and oxidative stress ensues (S anchez-G omez et al., 2003) . The present results corroborate these observations and provide evidence that oxidative stress in optic nerve oligodendrocytes is much higher in excitotoxic insults due to AMPA in comparison with kainate receptor activation. Interestingly, excitotoxic insults to neurons produce less oxidative stress than that measured in oligodendrocytes. In addition, we show that two natural antioxidant polyphenols protect against mild excitotoxic insults mediated by AMPA receptors and that the protective mechanisms involve free radical scavenging and Ca 21 handling in the cytosol.
MATERIALS AND METHODS Drug Application
AMPA and cyclothiazide (CTZ) (Tocris Cookson, Bristol, UK), kainate (Sigma, St. Louis, MO) and GYKI53655, kindly supplied by D. Leander (Eli Lilly and Company, Indianapolis, IN), were first dissolved in an equimolar solution of NaOH (AMPA and kainate), ethanol (CTZ), or DMSO (GYKI53655) and were then added to culture medium to achieve the desired final concentration. Mangiferin and morin (Sigma, St. Louis, MO) were dissolved in DMSO at a concentration of 100 mM.
Optic Nerve Cultures
Primary cultures of oligodendrocytes derived from the optic nerves of 12 day old Sprague-Dawley rats were obtained as described previously (Barres et al., 1992) , with minor modifications (Alberdi et al., 2002) . Cells were seeded into 24-well plates bearing 12-14-mm-diameter coverslips coated with poly-D-lysine (10 lg/ml) at a density of 10,000 cells/well and maintained at 37°C and 5% CO 2 in a chemically defined medium (Barres et al., 1992) . At 1-3 days in vitro, cultures were composed of at least 98% O4/GalC 1 cells, as determined by immunofluorescence labeling with a mouse IgG3 anti-galactocerebroside antibody (3 lg/ml; Boehringer-Mannheim, Germany); the majority of the very few remaining cells immunolabeled for GFAP (Z0334; Dakocitomation). Cultures were employed for experiments at this stage. No A2B5 1 or microglial cells were detected. (Alberdi et al., 2002) .
Cortical Neuron Cultures
Primary neuron cultures were obtained from E17 Sprague-Dawley rat cortices as described elsewhere (Dawson et al., 1993) . Cells were seeded into 24-well plates bearing 12-14-mm-diameter coverslips coated with poly-Lornithine (10 lg/ml) and maintained at 37°C and 5% CO 2 in Neurobasal medium, supplemented with B27 ''minus antioxidants'' (Gibco). Cultures were used at 1 week in vitro. At this time point, at least 98% of the cells were MAP2 1 , as determined by immunolabeling with a monoclonal anti-microtubule associated protein antibody (M1406; Sigma), and the majority of remaining cells were GFAP 
Exposure of Cells to Agonists
All the agonists were applied for 15 min, or alternatively for 5 min when indicated. We employed four different types of excitotoxic stimulation, as described in other reports (S anchez-G omez et al., 2003) . Selective sustained activation of oligodendroglial and neuronal AMPA receptors was achieved with the agonist in the presence of 100 lM CTZ. Moderate and maximal activation of these receptors was achieved using 10 lM and 100 lM AMPA, respectively. Kainate activates both AMPA and kainate receptors. To selectively stimulate the latter subtypes of receptors in oligodendrocytes, we used kainate in combination with the AMPA-selective antagonist GYKI 53655 at 100 lM. We distinguished between activation of high-and low-affinity kainate receptors by incubating cells with this agonist at 3 lM and 3 mM, respectively. Cells were exposed to 100 lM CTZ or 100 lM GYKI 53655 for 10 min before incubation with AMPA or kainate, respectively. Morin and mangiferin were diluted in culture medium to the desired concentration, added 24 h before exposure to agonists and left there until the end of the experiments.
In Vitro Estimation of Antioxidant Activity
The antioxidant power of polyphenolic test agents was evaluated by the 1,1-diphenyl-2-picrylhydrazyl (DPPH·, Sigma) assay (Aruoma, 2003) . We monitored the reduction of optical absorbance at 517 nm of the DPPH· stable free radical upon reaction with test compounds in ethanol solution, every 10 min after the beginning of the reaction. This was initiated by adding 10 ll of test compounds at 1 mM to 300 ll of 100 lM DPPH·. The endpoint decrease in absorbance represents the antioxidant power of the test species.
Mitotracker Orange Staining
Reduced-Mitotracker Orange (CM-H 2 TMRos; Molecular Probes, Eugene, OR; M7511) is a mitochondrial potential-sensitive probe that can also be used to measure oxidative stress (Bernardi et al., 1999; Kweon et al., 2001) . As in the case of dichlorofluorescein-related probes, the fluorescence of this species is dramatically enhanced when its reduced moieties are oxidized by free radicals. Oligodendrocytes were exposed to agonists and were subsequently incubated with Reduced-Mitotracker Orange (200 nM) for 15 min. Thereafter, cells were fixed with 4% paraformaldehyde and images were taken using an Olympus EC600 confocal microscope with a Plan-Neofluar 1003 immersion oil objective. Excitation with a Helium-Neon laser at a wavelength of 546 nM was carried out, using a pinhole of 50 lM. Fluorescence emission was detected using a conventional rhodamine filter.
Intracellular Reactive Oxygen Species Measurement
Oligodendrocyte and neuron cultures (10,000 cells/ well) were exposed to AMPA or kainate receptor agonists Probes H1398) as a control dye. In our hands, CM-DCFA was better retained in living cells than its related 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFDA), from which it is derived. Fluorescence was measured using a Fluoroskan Ascent plate fluorimeter (Thermo Lab Systems, Altrincham, UK), and data were expressed as a normalized percentage of CM-DCFDA/Hoechst fluorescence in controls. Excitation and emission wavelengths for CM-DCFDA and Hoechst were as suggested by the supplier. All experiments were performed in duplicate and data were plotted as the mean of at least three independent experiments 6 SEM.
Measurement of Mitochondrial Potential
Oligodendrocyte and neuron cultures were exposed to AMPA or kainate receptor agonists as above. Immediately thereafter, cells were loaded with 100 nM tetramethylrhodamine ethyl ester (TMRE; Molecular Probes T669) and 1 lM calcein AM (Molecular Probes C3100) for 10 min at 37°C, 5% CO 2 . TMRE is a highly membrane-permeant cationic fluorophore that accumulates in negatively charged subcellular compartments, notably mitochondria. Under nonquenching conditions, quantifying the retention of the dye by whole cells provides an estimation of their average mitochondrial potential (Bernardi et al., 1999) . Calcein fluorescence, a common method used to test cell viability, was used to quantify the number of cells present within the reading field. We chose a plating density of 10,000 cells/well in order to minimize TMRE background fluorescence levels (Scaduto and Grotyohann, 1999) . Fluorescence was measured using a Fluoroskan Ascent plate fluorimeter (Thermo Lab Systems, Altrincham, UK), and the data were expressed as a normalized percentage of TMRE/calcein fluorescence in controls. Excitation and emission wavelengths for TMRE and calcein were as suggested by the supplier. All assays were performed in duplicate and the values are the average of at least three independent experiments (mean 6 SEM).
Measurement of [Ca
] i
The concentration of cytoplasmic calcium ([Ca 21 ] i ) was determined by microfluorimetry. Cells were incubated with fura-2 AM (Molecular Probes, Eugene, OR) at 5 lM in culture medium for 30-45 min at 37°C, and were washed of excess fura-2 AM by incubating in HBSS containing 20 mM HEPES [pH 7.4], 10 mM glucose, and 2 mM CaCl 2 (incubation buffer) for 5 min at room temperature. Experiments were carried out in a coverslip chamber, continuously perfused with incubation buffer at 2 ml/min. The perfusion chamber was mounted on the stage of a Zeiss (Oberkochen, Germany) inverted epifluorescence microscope (Axiovert 35), equipped with a 150 W xenon Polychrome IV lamp (T.I.L.L. Photonics, Martinsried, Germany) and a Plan Neofluar 40X oil immersion objective (Zeiss). Cells were visualized with a high-resolution digital B/W CCD camera (ORCA), and image acquisition and data analysis were performed using the AquaCosmos software program (Hamamatsu, Iberica, Spain). At the end of the assay, in situ calibration was performed with the successive addition of 10 mM ionomycin and 2 M Tris-50 mM EGTA, pH 8.5. The [Ca 21 ] i concentration was estimated by the 340/380 ratio method, using a K d value of 224 nM.
Detection of Active Caspase 3
Oligodendrocytes were exposed to AMPA 10 lM for 5 min in the presence or absence of polyphenols and fixed 1 h thereafter with 4% paraformaldehyde. Activation of caspase 3 was evaluated by immunofluorescence, using a primary polyclonal antibody that specifically recognizes the active form of this protease (Cell Signaling, D175; 1:100 from stock) followed by Alexa Fluor 488 goat-anti rabbit secondary antibody (Molecular Probes, A-11008; 1:200). Immunoreactive cells were counted and data were plotted as a percentage with respect to controls, nontreated cells. Negative controls included omission of the primary antibody and no staining was observed under these conditions.
Cell Viability and Toxicity Assays
Cells were exposed to agonists as described and then were incubated for 24 h in fresh medium. To quantify oligodendrocyte viability, these were loaded with 1 lM calcein-AM (Molecular Probes C3100) and fluorescence was measured using a Fluoroskan Ascent plate fluorimeter (Thermo Lab Systems, Altrincham, UK). Excitation and emission wavelengths were as suggested by the supplier. To quantify neuron viability, the MTT assay (Mossnan, 1983) was employed, using neuronal cultures at high density (300.000 cells/well). Neurons were incubated with tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (1 mg/ml; MTT; Sigma) for 1 h in culture medium, the formazan precipitate was solubilized thereafter with DMSO and absorbance of the colored reaction quantified at 570 nm. All assays were performed in duplicate and data were plotted as mean 6 SEM of at least three independent experiments.
Data Analysis
All data are expressed as mean 6 SEM. The student t test was performed to ascertain whether the differences between two experimental conditions were statistically significant, considering them so when P < 0.05. For analysis of correlation between two variables, Pearson's determination coefficient (r square) and P-values were calculated for n 5 4 as the number of different exposure paradigms tested. The coefficient r 2 , taking values from 0 to 1, shows the extent of variation of one variable which is explained by the variation in the other variable. The correlation was considered significant when P < 0.05. The data were analyzed with Excel (Microsoft, Seattle, WA) and Prism (Lake Forest, CA) software.
RESULTS
Activation of AMPA and Kainate Receptors Induces Differential Oxidative Stress in Oligodendrocytes
Immunocytochemical characterization of optic nerve oligodendrocyte cultures used in these assays showed that the vast majority of cells (>98%) were GalC 1 (Fig. 1A,B) . We monitored oxidative stress in these cultures by means of the free radical sensitive probes CM-H 2 TMRos and CM-DCFDA (Fig. 1) . We observed that simultaneous activation of both AMPA and kainate receptors, using kainate alone (10 lM) induced intense CM-H 2 TMRos fluorescence which was not observed in control, nonstimulated cultures (cf. Fig. 1C,D) . Likewise, selective sustained activation of AMPA receptors elicited a marked increase in the number of cells strongly labeled with CM-DCFDA in comparison with control, nonstimulated cultures ( Fig. 1E-H) .
To quantify the levels of ROS generated by activation of these receptors, we employed experimental paradigms representing maximal and submaximal activation of AMPA receptors and of the high-and low-affinity kainate receptors known to mediate oligodendrocyte excitotoxicity (S anchez-G omez and Matute, 1999) . Toxicity assays confirmed that the levels of oligodendrocyte death triggered by AMPA and kainate receptors under those excitotoxic paradigms ( Fig. 2A) were identical to those previously reported (S anchez-G omez and Matute, 1999) . In addition, quantitative assessment in oligodendrocytes of CM-DCFDA fluorescence showed that the selective activation of AMPA receptors, both at submaximal (10 lM) and maximal (100 lM) concentration of the agonist, caused a three-to fourfold increase in ROS levels. In contrast, activation of high-affinity (KA 3 lM) and low-affinity (KA 3 mM) kainate receptors induced a 15-20% rise in those levels (Fig. 2C) . Interestingly, we observed a high correlation (r 2 5 92.01%; P 5 0.04) between the ROS levels measured in the present study and the peak increase in [Ca 21 ] i after AMPA or kainate receptor activation reported previously (S anchez-G omez et al., 2003) , which suggests that free radical production by oligodendrocytes after excitotoxic insults is related to increases in the intracellular concentration of [Ca 21 ] i . Since the generation of ROS in excitotoxic insults is associated with alterations in mitochondria, we next measured mitochondrial membrane potential using TMRE as a fluorescent probe. Oligodendrocytes exposed to AMPA for 15 min underwent a 60-65% reduction of TMRE uptake, indicating a severe reduction in the membrane potential of mitochondria (Fig. 2D) . In contrast, this reduction was much smaller (about 10%) in magnitude after activation of high-and low-affinity kainate receptors. These changes inversely correlate with the increase in ROS levels (r 2 5 97.35%; P 5 0.01), which indicates that free radical production is related to depolarization of their mitochondria in oligodendrocytes.
In contrast, mitochondrial potential and ROS levels were found to be less affected by selective activation of high-and low-affinity kainate receptors than by submaximal activation of AMPA receptors, though these three excitotoxic insults cause similar levels of oligodendroglial Neurons, like oligodendrocytes, are also vulnerable to excitotoxic insults mediated by AMPA receptors (Carriedo et al., 2000) . Thus, we next examined to what extent these insults induced oxidative stress and depolarization of the mitochondrial membrane in pure cultures of cortical neurons. Surprisingly, we found that both submaximal and maximal activation of AMPA receptors for 15 min elicited only a modest increase (about 20%) in ROS above control levels (Fig. 3A) . In contrast, the reduction of the mitochondrial membrane potential in neurons after exposure to AMPA was similar to that measured in oligodendrocytes (Fig. 3B) . Together, these results indicate that the consequences of excitotoxic insults on the mitochondrial potential in neurons and oligodendrocytes are very similar, but that the levels of ROS accumulated by oligodendrocytes are much higher than that found in neurons.
Moderate But Not Severe AMPA-Receptor Mediated Oligodendrocyte Death Is Partially Prevented by Two Polyphenolic Antioxidants
Mangiferin is the main active ingredient of Vimang, a Mangifera indica extract of Cuban origin, which has been reported to have strong antioxidant and anti-inflammatory properties (Mart ınez et al., 2000; Garrido et al., 2001) . Morin is ubiquitous in vegetables, berries and fruits (Ross and Kasum, 2002) and its antioxidant properties have also been described elsewhere (Kok et al., 2000) .
Initially, we assayed the antioxidant properties of mangiferin and morin (Fig. 4A ) by measuring their ability to scavenge the free-radical 2,2-diphenyl-1-picrylhydrazyl (DPPH·) in an ethanol solution (Aruoma, 2003; Li et al., 2003) . Both mangiferin and morin (1 mM) scavenged DPPH· in a significant way compared with control samples tested in their absence (Fig. 4B) . The antioxidant power in this assay was found to be higher for morin than for mangiferin, which decreased absorbance at 517 nm by about 15% and 8%, respectively.
We then tested whether mangiferin and morin attenuated oligodendrocyte death caused by excitotoxic insults. ] i elicited by these excitotoxic insults, as measured by Fura-2 AM microfluorimetry. Histogram illustrates the peak response (mean 6 SEM) of 10-15 cells from 3-5 different cultures. C,D: AMPA receptor activation causes high levels of ROS and large mitochondrial depolarization as assessed CM-DCFDA (10 lM) and TMRE (100 nM) fluorescence, respectively. In contrast, these parameters were much less altered after kainate receptor activation. Values represent the mean 6 SEM of duplicates-triplicates from three to five different experiments and are normalized to Hoechst 33258 fluorescence (C) or to calcein fluorescence (D), both used as a control of cells the cell number measured in each field. 100% represents control values in the absence of agonists. E,F: Mitochondrial potential and oxidative stress show a negative linear correlation whereas the correlation between [Ca 21 ] i and oxidative stress is positive. *P < 0.05; **P < 0.01; ***P < 0.001. Student's t-test. Fig. 3 . Oxidative stress and mitochondrial potential in neurons. Cells were cultured from the cerebral cortex and exposed for 15 min to agonists. A: AMPA receptor activation in neurons only induced a mild increase in CM-DCFDA (10 lM) fluorescence indicating that low levels of ROS are generated after the insult. B: In contrast, mitochondrial potential, as measured with TMRE (100 nM) fluorescence, was greatly diminished under the conditions assayed. Values represent the mean 6 SEM of duplicates/triplicates from three different experiments and were normalized to Hoechst 33258 fluorescence (A) or to calcein fluorescence (B). *P < 0.05; **P < 0.01; ***P < 0.001. Student's t-test.
Dose-response curves showed that both polyphenols, at 1 nM to 100 lM, did not improve oligodendrocyte survival after 15 min activation of AMPA or kainate receptors. However, submicromolar concentrations of mangiferin and morin displayed a marked protective effect against shorter (5 min) activation of AMPA receptors with AMPA 10 lM (Fig. 5A ), but not at AMPA 100 lM (Fig. 5B) . Both antioxidants were most effective in preventing oligodendrocyte death at 1-10 nM. In contrast, no protection was observed after 5-min activation of kainate receptors with high and low affinity (Fig. 5C) . Curves showing the relative antioxidant potency of these two species, assayed by in vitro scavenging of the DPPH radical. Under these conditions, morin displayed higher antioxidant power than mangiferin. Absorbance at 517 nm was measured every 10 min after the beginning of the reaction. *P < 0.05; **P < 0.01; *** P < 0.001. Student's t-test (n 5 3). . Morin and mangiferin substantially reduce oligodendrocyte death caused by submaximal activation of AMPA receptors. Cultures were incubated with agonists for 5 min and cell viability assessed by calcein fluorimetric 24 h later. Polyphenols were added 24 h before agonist exposure and until the end of the experiments. A,B: Dose-response curves of the protective effects of mangiferin and morin after a 5 min incubation with AMPA 10 lM and 100 lM respectively. Both polyphenols at submicromolar concentrations protected against moderate excitotoxic insults. C: Mangiferin and morin did not improve cell viability after insults mediated by high-and low-affinity kainate receptor activated by 3 lM and 3 mM kainate, respectively, in the presence of GYKI53655 (100 lM). Values represent the mean 6 SEM of duplicates-triplicates from three different experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Student's t-test.
Both Mangiferin And Morin Reduce Oligodendrocyte Apoptosis by Different Mechanisms
Oligodendroglial death mediated by AMPA at 10 lM has apoptotic features and is dependent on caspase 3 activation (S anchez-G omez et al, 2003) . Because of that, we evaluated whether incubating oligodendrocytes with these polyphenols diminished the amount of cells presenting activation of caspase 3, as a consequence of an exposure to AMPA 10 lM for 5 min. For this purpose, we used immunocytochemical staining with an antibody that specifically recognizes the active form of caspase 3. The result showed that both mangiferin and morin significantly diminished the amount of cells presenting active caspase 3 in comparison with sister cultures treated with AMPA in the absence of polyphenols (Fig. 6 ). Active caspase 3 was present in oligodendrocytes displaying chromatin condensation, and thus further indicating that they were undergoing apoptosis (Fig. 6A) .
We then studied whether mangiferin and morin attenuated oligodendrocyte apoptosis by reducing ROS levels, as expected from their antioxidant activity, o by interfering with other events in the apoptotic cascade initiated by excitotoxicity in oligodendrocytes, such as depolarization of the mitochondrial membrane potential and [Ca 21 ] i overload (S anchez-G omez et al., 2003) . Interestingly, these experiments revealed that mangiferin and morin have a differential effect over each of these parameters. Thus, only morin diminished ROS levels and supported a substantial recovery of the mitochondrial potential in oligodendrocytes after exposure to AMPA 10 lM for 5 min (Fig. 7A and B, respectively) . In contrast, mangiferin, but not morin, consistently diminished (about 35%) the increase in [Ca 21 ] i elicited by AMPA 10 lM (Fig. 7C,D) . Morin was also effective in reducing ROS levels and recovering mitochondrial potential after exposure to 100 lM AMPA (Fig. 7A,B) , which causes caspaseindependent cell death (S anchez-G omez et al., 2003) . However, this polyphenol does not attenuate cell death caused by this experimental condition, as illustrated above (Fig. 5B ).
Mangiferin and Morin Also Protect Cortical Neurons Against Moderate AMPA ReceptorInduced Excitotoxicity
Excitotoxicity induce similar alterations in neurons and oligodendrocytes relating cell Ca 21 overload, mitochondrial depolarization and free radical production, though oxidative stress is less intense in neurons under the conditions assayed in this study. Because of that, we studied whether mangiferin and morin would attenuate excitotoxic neuronal death under the conditions used with optic nerve oligodendrocytes. We observed that both mangiferin and morin were also highly protective in cortical neurons following a 5 min exposure to AMPA 10 lM (Fig. 8A) . As in oligodendrocytes, the maximal death-rescuing effect was at around 10 nM of antioxidant, and neuronal excitotoxic death reduced to a 30% of that occurring in controls. Both mangiferin and morin were also protective after longer (15 min) incubation with the agonist, a condition that was not effective in oligodendrocytes (see above). In contrast, neither morin nor mangiferin attenuated neuronal death at any of the tested concentrations when cultures were exposed to AMPA 100 lM (data not shown).
In addition, since these polyphenolic species can affect [Ca 21 ] i load in oligodendrocytes after excitotoxic insults, we evaluated whether a similar mechanism might occur in cortical neurons. We found that [Ca 21 ] i in these cells following an exposure to AMPA 10 lM was similarly reduced around 20% by application of both mangiferin and morin at a concentration of 10 nM (Fig. 8B,C) .
DISCUSSION
We have demonstrated that excitotoxic insults mediated by AMPA and kainate receptors in oligodendrocytes induce differential oxidative stress, which correlates with increases in the intracellular calcium concentration and with the degree of depolarization of the mitochondrial membrane. Strikingly, oligodendrocytes accumulate higher ROS levels than cortical neurons upon sustained activation of AMPA receptors. In addition, we observed that low concentrations of mangiferin and morin, two natural polyphenols, improve oligodendrocyte and neuronal viability against moderate excitotoxic insults that, in oligodendrocytes, are associated with apoptotic cell death. The mechanisms accounting for these effects include reduction of oxidative stress and attenuation of Ca 21 overload. Differential oxidative stress is induced by excitotoxic insults in oligodendrocytes Our results show that optic nerve oligodendrocytes exposed to AMPA undergo a dramatic increase in their levels of ROS and an intense depolarization of their mitochondrial membrane. These changes correlate with the raise of [Ca 21 ] i subsequent to receptor activation. However, activation of both high-and low-affinity kainate receptors induces only minor changes in these parameters. These differences are striking since prolonged activation of either AMPA or kainate receptors is toxic to oligodendrocytes, indicating that oligodendrocyte death mediated by these receptors occurs via distinct mechanisms. Thus, moderate activation of AMPA receptors or high-and low-affinity kainate receptors cause similar levels of oligodendrocyte toxicity as shown in this study and in a previous report (S anchez-G omez and Matute, 1999) . However, toxicity after maximal activation of AMPA receptors is higher than under sub-maximal AMPA stimuli and yet depolarization of the mitochondrial membrane and the generation of ROS are similar. Consequently, AMPA and kainate receptor-mediated oxidative stress and mitochondrial depolarization do not correlate equivalently with oligodendrocyte death. ] i overload. *P < 0.05; **P < 0.01. Student's t-test.
Excitotoxic death is dependent primarily on Ca 21 entry into the cell by ionotropic glutamate receptors (Alberdi et al., 2002; Krieger and Duchen, 2002 ). An increase in cytosolic Ca 21 concentration depolarizes mitochondria which possess a high-affinity Ca 21 uniporter on their inner membrane (Kirichok et al., 2004) . Accordingly, activation of AMPA and kainate receptors in oligodendrocytes induces a large increase in the concentration of cytosolic Ca 21 , the bulk of which is rapidly sequestered by mitochondria (S anchez-G omez et al., 2003) . Notably, cytosolic Ca 21 overload in oligodendrocytes is much higher after activation of AMPA receptors in comparison with kainate receptors, a feature which determines the magnitude of the depolarization of the mitochondrial membrane and the ensuing levels of ROS generated, as observed in this study. Taken together, these results suggest that oxidative stress after excitotoxic insults in oligodendrocytes is dependent on Ca 21 uptake by mitochondria.
Differential Oxidative Stress Is Induced by AMPA Receptor Activation in Oligodendrocytes and Cortical Neurons
An important finding of this work is that optic nerve oligodendrocytes generate many more ROS than cortical neurons upon sustained activation of AMPA receptors. These differences are unlikely to be due to different levels of AMPA receptor expression, since we found similar levels of depolarization in the mitochondrial membrane and of [Ca 21 ] i increases in both cell types. Thus, an intrinsic factor in oligodendrocytes renders these cells especially sensitive to oxidative stress caused by activation of AMPA receptors. This factor may be the higher levels of iron, which, in oligodendrocytes, acts as an essential cofactor for the synthesis of myelin (Connor and Menzies, 1996) . Indeed, high levels of free iron are present in the mitochondrion, since the final assembly of ferrous iron to protein leading to synthesis of heme groups naturally takes place in this organelle (Dailey, 2002) . However, high concentrations of free ferrous iron are also linked to oxidative stress by its capability to catalyze the Fenton reaction (Liochev and Fridovich., 1999) , which generates hydroxyl radicals and cause lipid peroxidation. Thus, oxidative stress due to excessive calcium uptake into mitochondria could be further amplified in oligodendrocytes by the iron-catalyzed generation of free radical species occurring in the Fenton reaction. This may account for the enhanced accumulation of ROS we observed in oligodendrocytes as compared with neurons subjected to the same excitotoxic insults.
Mangiferin and Morin Protect Against Moderate Insults Mediated by AMPA Receptors and Inhibit
Oligodendroglial Apoptosis
Since we found that oligodendrocytes generate a great amount of free radicals when exposed to AMPA, we examined the protective potential of antioxidants. We focused on the use of two polyphenols, mangiferin and ] i . In all cases, polyphenols (10 nM) were present 24 h before agonist exposure and until the end of the experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Student's t-test. morin, which are natural constituents of several plant species. These antioxidants were tested in oligodendrocyte and in neuron cultures, which undergo differential oxidative stress under the excitotoxic insults assayed. Both mangiferin and morin protected oligodendrocyte and neuron cultures from moderate but not strong insults mediated by AMPA receptors. Interestingly, these agents are most effective at very low concentrations, within the nanomolar range, a concentration that could be achieved in the CNS in potential future clinical trials, due to the limited permeability of the blood-brain barrier.
In oligodendrocytes, mild excitotoxic insults mediated by AMPA receptors induce apoptotic cell death which is dependent on caspase 3 activation, whereas death mediated by intense insults is caspase-independent and likely of necrotic nature (S anchez-G omez et al., 2003) . We wondered whether the effect of these polyphenols in improving oligodendrocyte survival could be attributed to their ability to prevent apoptosis. Thus, we evaluated caspase 3 activation by immunocytochemistry in oligodendrocytes exposed to AMPA 10 lM and found that both mangiferin and morin inhibit the activation of this cell death effector caspase.
The Mechanisms Underlying Neuroprotection by Morin and Mangiferin Are Different
The neuroprotective properties of mangiferin and morin are diverse. Initially, we postulated that these antioxidants would attenuate cell death by reducing oxidative stress ensuing excitotoxic insults. Indeed, we observed in this study that both polyphenols have antioxidant activity, which is higher for morin. This finding is consistent with the idea that glycosylated polyphenols, such as mangiferin, are less active than their related aglycones in terms of antioxidant potency (Kim et al., 2002; Hou et al., 2004) . Accordingly, morin reduced oxidative stress as well as the loss of mitochondrial potential ensuing submaximal activation of AMPA receptor in oligodendrocytes, which suggests that protection in these cells is mainly due to its antioxidant properties. Unexpectedly, mangiferin did not reduce ROS levels or the loss of mitochondrial potential. However, this polyphenol reduces the increase of [Ca 21 ] i subsequent to sustained AMPA receptor activation both in oligodendrocytes and neurons, a feature that may underlie neuroprotection by mangiferin in both cell types. In addition, morin also attenuates [Ca 21 ] i overload following mild insults channeled by AMPA receptors, a property that may contribute to reduced cell death in neurons after excitotoxic conditions that do not generate intense oxidative stress. The finding that these polyphenols can affect the homeostasis of Ca 21 in oligodendrocytes and neurons constitutes a novel and strong argument that supports their oligodendroprotective and neuroprotective potential.
Oxidative Stress and Demyelinating Diseases
Oligodendrocyte and myelin loss are two of the principal pathological hallmarks of demyelinating diseases, including multiple sclerosis. Interestingly, oxidative stress and in vivo oxidation markers have been identified in white matter tissue of patients affected by this disease (Smith et al., 1999) , along with disturbances in glutamate homeostasis, which correlate with the severity of relapses (Matute et al., 2001; Groom et al., 2003; Sarchielli et al., 2003) . In MS, this oxidative stress is associated with inflammatory incidents, such as the release of free radicals from activated immune cells (GilgunSherki et al., 2004) . Free radicals are also generated as a consequence of sustained activation of oligodendrocyte AMPA/kainate receptors due to subtle increases in the concentration of extracellular glutamate (Li et al., 2003) . These findings, together with those reported in the present study, indicate that oxidative stress may represent an important component in the pathophysiology of oligodendrocytes in demyelinating diseases such as MS.
In summary, we provide evidence that activation of AMPA and kainate receptors triggers differential levels of oxidative stress in oligodendrocytes, and that excitotoxic insults to these cells results in the production of higher levels of ROS than in neurons. The polyphenolic antioxidants mangiferin and morin partially prevent AMPAinduced cell death in both cell types by mechanisms that include attenuation of Ca 21 overload. Overall, these results suggest that these polyphenols may be useful components in therapies for neurodegenerative diseases, including demyelinating diseases, in which disturbances in glutamate homeostasis and oxidative stress occur.
